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The History of the Book and the 
Proton Milliprobe: An Application of the PIXE 
Technique of Analysis 
~~ 
RICHARD N. SCHWAB 
THEEMINENT NUCLEAR PHYSICIST,Edward McMillan, once remarked, 
“E.O. L[awrence] thinks you can do  anything with a cyclotron!’” But 
there is no sign that Lawrence ever dreamed his world-transforming 
invention would be used as an instrument for the historical analysis of 
books, including the earliest productions of Gutenberg. The  printing 
press was the most important invention of modern times-at least until 
the cyclotron-and the team of historians and nuclear physicists at the 
University of California, Davis, are keenly aware of the connection 
between the two. Without Gutenberg and the progress of technical 
knowledge made possible by printing with movable metal type there 
could have been no cyclotron. There is a sort of historical symmetry in 
the fact that now with the cyclotron and the technique called the 
“proton milliprobe” we are able to reconstruct much of the day-to-day 
chronology of the production of the Gutenberg Bible. It is also possible 
to apply this technique in such a way as to throw light on some other 
formerly difficult or intractable problems of the history of the book. 
The  proton milliprobe, which is an application of the Particle 
Induced X-ray Emission (PIXE) technology, is a nondestructive method 
of exciting atoms in a small target area on a page with an  accelerated 
beam of protons, in order to detect, to parts per million, what chemical 
elements are present in the inks, papers, parchments, and pigments 
tested. This  information, which often amounts to a chemical “finger- 
print,” can be used to make a wide range of historical judgments on  
such matters as authenticity, internal order of production, source and 
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era of a document or fragment, relationships between parts of the same 
document, the relationship of one document to another, and many 
other historical questions. The  proton milliprobe method has wide 
applications to other historical artifacts besides books and documents,2 
but the aim of this essay is to describe the use of the technique for 
nondestructive historical analysis of inks, papers, parchments, and 
pigments, and to give a brief survey of the kinds of information of value 
for the study of rare printed works and manuscripts that can be derived 
from it. 
Development of the Proton Milliprobe Technique 
The  unexpected application of the cyclotron to the study of docu-
ments and books grew out  of a convergence of two widely separated lines 
of investigation on the Davis Campus of the University of California: 
Professor Thomas Cahill’s widely-known work in the use of the Particle 
Induced X-ray Emission technique for the analysis of air pollution and 
my researches on the great eighteenth-century Encyclopkdie of Diderot. 
The  latter project resulted in a seven-volume history and inventory of 
the Encycloptdie,  which was designed to establish, among other things, 
what the “pure” or “ideal” text was, out of a confusion of variants, 
cancels, censored pages, and counterfeited editions, so that the study of 
that monument of the Enlightenment could be set on a systematic 
f ~ o t i n g . ~Through a series of fortuitous circumstances, Cahill and I 
became well acquainted, and each of us learned in some detail what the 
other was doing. In 1978 we hit upon the idea that the PIXE technique 
used by him in his laboratory research might be turned to problems in 
the history of the book and physical bibliography that were preoccupy- 
ing me. Cahill, who by then had become director of Crocker Nuclear 
Laboratory, had a strong interest in historical questions, and he set 
about developing special techniques for using the cyclotron to examine 
questions of counterfeits, cancels, and variant editions of the Encyclo-
p i d i e  as well as other printed and manuscript works. Starting with some 
tentative but promising experiments in 1978,we established a program 
of research in which nuclear physicists and scholars in history and the 
other humanities cooperated on an ever wider range of problems of 
historical and archaeological research, but with our central focus on  
Gutenberg and the incunabula period. There were few other locations 
where the conditions favorable for such a collaboration existed. It is rare 
to find a director and other scientists in a nuclear laboratory interested 
in the challenge of historical research capablr of devising plans for the 
apparatus and technique necessary to get at these questions, and in a 
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position to offer the laboratory facilities and the time for historical and 
archaeological work. Taking advantage of this situation, we believe 
that we are firmly establishing a new auxiliary historical, archaeologi- 
cal, and bibliographical discipline that has wide applications in the 
study of the history of the book and physical bibliography; and we have 
formed a permanent organization-The Crocker Historical and 
Archaeological Project-on the Davis Campus to carry forward several 
projects of research of this kind. 
How the Proton Milliprobe Works 
This auxiliary branch of historical and bibliographical research is 
made possible because of the discoveries of nuclear physicists and chem- 
ists in the twentieth century about the nature and behavior of atoms and 
subatomic particles. These discoveries have been widely enough publi- 
cized so that most knowledgeable readers understand that atoms of 
various elements are made up  of nuclei with positive charges sur- 
rounded by orbiting negatively charged electrons or successive “shells” 
of orbiting electrons. The atoms for each element have a characteristic 
nucleus and a specific number and arrangement of what might be 
viewed as rings of electrons circulating around their nuclei. Through 
the bombardment of these atoms with a high energy beam of subatomic 
particles accelerated in the cyclotron, certain revealing measurable reac- 
tions occur. In our case it is a beam of protons, which are subatomic 
particles that are the equivalent of the nuclei of hydrogen atoms. A 
certain number of the accelerated protons in the beam speeding from the 
cyclotron collide with a certain number of the electrons orbiting the 
nuclei of the atoms of the different elements present in a target area, 
which in our investigations is approximately a square millimeter of 
ink, paper, parchment, or pigmented area in a book or document. 
Whenever that collision happens, an electron from the atom is knocked 
out of its orbit and another electron must rush in to replace it in order to 
keep the positive-negative balance of the whole atom. 
It is at this point that the critical phenomenon occurs for our 
analytical purposes. Whenever an electron is knocked out of its orbit 
around an atom of a certain element present in the target and another 
electron rushes in to replace it, there is an X-ray emission generated that 
can be detected and measured for its energy by a very sensitive silicon- 
lithium detector close to the target. In this process the X rays generated 
for atoms of any given element have a known energy specific to that 
particular element. That is, the X rays generated from an atom of copper 
have a measurably different energy from X rays generated from an atom 
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of lead. Because of this we are able to detect from the X rays emitted 
during the collisions what elements are present in the ink, paper, or 
parchment we have as our target. The energies of the detected X rays give 
a direct measure of the elemental composition of the materials in the 
target. After the very brief excitation by the proton beam, the atoms in 
the small areas we analyze instantly return to their normal state. 4 
It was not until 1970 that Johansson, Akselsson, and Johansson 
first perfected the Particle Induced X-ray Emission technique for multi- 
elemental analysis. Cahill saw the applicability of that technique for the 
rapid and accurate detection of pollutants in the atmosphere; and 
creating the necessary apparatus, he launched one of the most successful 
air quality analytical groups in existence. 6 The technique used by 
Cahill and his colleagues in collecting air pollutant data is to pass an air 
flow through a thin filter which catches samples of pollutants in the 
atmosphere that can then be analyzed by the PIXE system for elements 
in the particles. All elements in the pollutants caught on the filter, from 
sodium and above on the periodic table, can be detected to parts per 
million through the proton milliprobe technique. What struck us as we 
discussed our various projects in history and physics during 1978 is that 
the filters with particles of air pollutants on them constitute a close 
parallel to papers or parchments with ink or other pigments on them. In 
fact, in an illustrated lecture about our technique, Cahill began with a 
slide depicting an enormously magnified, rather ugly irregular black 
particle of pollution from an air sample on a filter and quite correctly 
asserted that it was with this kind of black blob that our story begins. We 
could see that there was no reason that the proton milliprobe could not 
be used for multielemental detection of the materials in the pages of 
books or other documents. The critical virtue of this technique of 
multielemental analysis of papers, parchments, inks, and other pig- 
ments in rare and fragile works was that it would be completely nonde- 
structiue since only an instantaneous disarray of the electrons of the 
atoms in these materials would occur as they were bombarded with 
protons to excite the emission of X rays. Thus unique multielemental 
chemical “fingerprints” could be made, yielding information about the 
elemental composition of materials in the documents we might wish to 
test, and after a PIXE analysis it would be impossible to tell-even with 
instruments far more sensitive than the eye-that an analysis had been 
performed. No scrapings of inks or fibers needed to be removed for 
analysis. 
Intrigued by the potential utility of this technique for historical 
documents and artifacts, we set about to make simple experiments 
which confirmed that indeed very useful information could be discover- 
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ed quite easily and rapidly. In order to test large pieces of paper or 
vellum-either as separate sheets or bound in books-it was necessary to 
modify the apparatus used for the analysis of the air filter samples, 
which were the size of photographic slides and tested by remote control 
within a vacuum tube. Cahill and his fellow physicists and laboratory 
technicians designed and constructed an apparatus for the target area so 
that the proton beam could pass out of the vacuum tube and into the air. 
That made it possible for books and other objects of any size to be 
mounted on special supports and oriented in front of the proton beam at 
precisely the locations where we wished to make the multielemental 
analyses. Figure 1 depicts the equipment as it was ultimately perfected 
in Crocker Nuclear Laboratory for the testing of material on separate 
leaves or fragments of manuscripts and printed documents and for 
testing materials of the pages of bound books. A completely safe system 
for focusing and controlling the energy of the proton beam was assured 
so that it could not possibly harm even the most fragile object through 
any heat generated in high energy excitation. The heat effect upon the 
document for any analysis of a square millimeter is comparable to the 
effect of a 100 watt electric light shining on an area of the same size for 
the same amount of time at a distance of 50cm. Moreover, for the 
investigators standing directly next to the apparatus and holding or 
adjusting the object to be tested, the minute energies of the X rays 
emitted from the collision of the protons with the electrons of the atoms 
in the target area are less than one would receive from wearing a watch 
with a luminous dial. Therefore, a special authorization was granted by 
the campus laboratory safety officer, according to strict federal stand- 
ards, to permit the researchers in our project to stand beside the works 
being tested during these analyses with no  chance of physical harm 
coming from radiation. This is absolutely essential in the analysis of 
any rare manuscript or book, because the investigators must, of course, 
be immediately present to position the documents, to hold them in 
place, to arrange and maneuver the “lectern,” to turn pages, and gener- 
ally to make sure by directly handling them that no harm can come to 
the objects being tested. Analysis by remote control on a large scale is not 
feasible for these materials. Since the fate of the project is absolutely 
dependent upon its nondestructive nature, we are, if possible, stricter in 
protocols of procedure than the rare book owners or curators who have 
brought works to our laboratory to be tested. In all the tests of rare 
works, it is our policy that a curator or authorized agent of the owner 
must always be present to witness and participate in the analytical 
procedure. 
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Figure 1 .  Schematic of the Proton Milliprobe 
Figure 1 shows in a schematic way how the analytic apparatus is 
constituted. Starting from the right we see a representation of where the 
beam of millions of protons shoots down a tube after having been 
accelerated in the cyclotron. The beam is focused and controlled by 
electromagnetic collimators. It emerges from the kapton window at the 
end of the vacuum tube passing through an atmosphere of helium that 
has driven out the air that might have particles that would be detected 
and cause confusion in the analysis. For many analyses, however, it is 
not necessary to use the helium, and we can subtract from our final 
results the elements known to be in the air. Moving toward the left, the 
beam passes through a hole in an aluminum plate (the target plate) 
which is represented by the long, narrow rectangular form with the 
cross-hatching on i t  in the illustration. The break in the middle of it 
represents the hole. When a document or fragment is being tested, it is 
rested on the left side of this plate and the proton beam passes straight 
through i t  from behind-much as a cosmic ray or an X ray would pass 
through a solid. It is at this juncture that a very small percentage of the 
protons in the beam collide with some of the electrons orbiting the 
atoms of each of the elements in the paper, ink, or other sample being 
analyzed, at exactly the spot one millimeter square we wish to test for its 
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elemental composition. The resultant X-ray emissions (each of an  
energy specific to the atom of the particular element involved) are 
represented by the wavy line going down toward the silicon-lithium 
detector. Actually these X rays go out in all directions from the atoms 
whose electrons have been knocked out by the protons in the beam, but 
the detector collects only a portion of them radiating down to the 
aperture of the detector. Well-established calculations indicate how 
much of the X-ray emission in each collision is collected in the detector. 
For clarity, only one line of X-ray emission is shown here, but actually 
in a fraction of a second a multitude of X-ray generating collisions occur 
when electrons of atoms of all the elements present in the square 
millimeter of paper, parchment, ink, or other pigment are bombarded 
by the protons in the beam. The detector and the computer associated 
with it sort out these X-ray emissions, according to the elements that 
produce them, and in a matter of seconds we can see on a screen a graph 
of the elements and the quantities of each element detected. Shortly 
thereafter the numerical values for each element found in each single 
brief analysis are printed out from the computer. 
There is a great advantage to the speed that elements present in the 
point being analyzed are detected, for it enables immediate decisions to 
be made in the course of the analysis to retest or to check something close 
by on the same leaf or fragment or retest a related document or fragment 
if something interesting or unusual appears in the results. It also 
provides the chance to see immediately whether there is a pattern taking 
form in the multielemental results seen in various pages or parts of 
pages treated. This circumstance has been of inestimable help numer- 
ous times as large works were analyzed, such as the Gutenberg Bible, for 
we have been able to improve or modify the program of investigation 
profitably on the spot. Another substantial advantage of the speed of the 
individual analyses is that it reduces the costs of the large projects of 
investigation, which sometimes involve testing hundreds of pages. Con- 
sidering the amount of information derived from each one- or two- 
minute analysis, the technique is incomparably less costly than what 
would be the case if similar analyses were made in a chemical 
laboratory. 
Two of the most useful additions to the original simpler apparatus 
which preceded the one in figure 1 are the system of mirrors shown here 
and a laser aiming device. The  laser beam is directed exactly at the point 
where the proton beam will hit the target. Thus, the laser light can be 
used first to orient the document precisely at the place where we want 
the PIXE analysis of the material being tested to be made; the bright 
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laser beam usually shines clearly through the paper or parchment so 
that, as we stand facing the target, exactly what will be hit by the proton 
beam can be seen. The  mirror arrangement also permits inspection of 
the letters or other parts of the document being tested, which is of course 
resting face down on the target plate, and this helps in another way in  
orienting the page or fragment so that it will be analyzed with the 
proton beam exactly where the test is to be made. 
For the testing of large bound books such as the Gutenberg Bibles 
and many other bulky works, it was necessary to devise a special lectern 
so that the individual pages could be positioned quickly and safely 
upon the target plate (see fig. 2). The  lectern was the product of detailed 
consultations with rare book conservators, for it had to be designed so 
that it would hold a volume securely, make it possible to position a 
single page of a bound volume rorrectly on the target plate, but in no  
way put a strain on the binding or the pages of the work that they would 
not ordinarily get from normal reading. The  lectern mechanism is 
designed so that there can be precise adjustments of the book u p  and 
down or laterally in relation to the target plate and the proton beam 
coming through i t .  After a period of experimentation with volumes of 
little or no  value and on-the-spot observations of the apparatus in action 
by rare book specialists, the lectern and all other parts of the apparatus 
for testing were perfected so that the owners of Gutenberg Bibles and 
other extremely valuable works were fully satisfied and willing to bring 
their volumes to the laboratory for testing. 
The  method of preparing a bound volume for analysis and the 
actual procedure of the analysis is as follows. First exhaustive measure- 
ments of the work to be tested are made and all its physical features are 
examined so that the lectern can be prepared exactly to the specifications 
of the book. This  often entails mounting foam rubber wedges and other 
“furniture” to assure that the book will rest securely on the lectern. For 
books with bindings that are too stiff to permit them to be opened flat, 
appropriate foam rubber supports are placed under the covers before 
situating them on the lectern. A good deal of time is taken with this 
“make-ready” before proceeding with the analysis, and these prepara- 
tions are always made in close cooperation with the owner of the work to 
be tested or a representative of the owning institution. The  volume to be 
analyzed is secured on the lectern with two wide felt-covered paddles in  
such a way as to leave several pages at a time free for testing. The  lectern 
is then swiveled and locked into a position so that the angle of the pages 
to be examined is exactly at the angle of the target plate. One by one the 
pages to be analyzed are rested on the target plate. The  lectern is then 
adjusted upward or downward or laterally until one can see by the laser 
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Figure 2. The Lecturn in Position for the Analysis. Leaf Resting on Target
Plate. 
aiming beam and through the mirrors that the targeted letter, part of a 
letter, or some other part of the page is exactly where the proton beam 
will pass through. Then a Faraday cup is lowered gently upon the leaf 
just over the targeted area, and the signal is given to thecontrol room to 
switch on the proton beam for the desired number of seconds needed for 
the analysis. As described earlier, protons in the accelerated beam collide 
with the electrons orbiting the atoms of the various elements in the 
target area and the X-ray emissions are generated. These are instantly 
picked up  by the detector, and in a short time the computer registers 
what elements are present in the target area, the absolute quantity of 
each element from trace amounts upward, and, where required, what 
the ratios of certain elements are to others in the sample. Immediately 
we proceed to the next analysis, which is often on the same page, or 
another page is positioned on the target plate. 
This process, in large projects such as the analysis of all the papers 
and inks of the Gutenberg Bible volumes, may take u p  to forty hours of 
continuous laboratory work. It is uneconomical to stop the cyclotron 
once the time has been taken to calibrate i t  and carry through all the 
steps necessary to get it operating precisely as needed. Therefore, for the 
large analyses, there is a continuous succession of four-hour shifts of the 
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three teams of investigators continuing day and night until the project 
is completed. The cost per analysis (which often gives over a dozen 
pieces of chemical information) is quite remarkably small, however 
costly it is to run an impressive machine such as the cyclotron, because 
of the speed at which the analyses can be made once the system of 
operations is in motion. It would be hard to match the economy of 
analysis of this process with comparable chemical analytical techniques 
of any other kind, whether destructive or nondestructive. 
If a small, light book were to be analyzed, the lectern is not neces- 
sary or practicable. I In those cases, one of our group or the curator 
simply stands next to the target plate and holds the work open while one 
of the pages is being tested. The operation is carried through with 
perfect safety for the book and for the people doing the testing. Because 
the hole in the target plate through which the beam comes is a few 
inches from the end of the plate, there is a limit to how far in toward the 
gutter the page can be analyzed. This is also partially determined by the 
condition of the binding and how far the book can be opened without 
suffering strain. All of these questions are judged in consultation 
among the group and the owners, and there is a strict rule always to err 
on the side of conservatism since the continued success of the program 
depends on it. 
There is a special technique whereby good analyses of paper, ink, 
pigments, and parchment can be achieved by laying a book opened to 
the page to be tested, face down on the target plate, and placed over the 
aperture through which the proton beam passes at precisely the spot to 
be examined. In this case the beam does not go through the object to the 
Faraday cup, where it is stopped, as shown in figure 1.Instead the beam 
only penetrates the page exposed to i t  and is stopped once i t  has done 
that by a thin shield of inert material that is inserted on the other side of 
the leaf. The analyses made this way are not quite so sensitive as those 
made when the beam passes through the leaf and into the Faraday cup, 
but good elemental data is obtained with this method as well. The same 
technique is used when a leaf being tested is so thick and opaque that the 
beam cannot penetrate it. 
Cahill is working to develop a special apparatus to enable the beam 
to get to inaccecsible points in the inner margins of small works or 
works whose bindings permit them to be opened only partially. It will 
be called the “snout,” an accurate albeit inelegant name for a delicate 
and useful instrumental proboscus. 
The results of the proton milliprobe analyses are printed out of the 
computer in a number of different forms according to what will be most 
useful for our particular purposes. The information is printed out in 
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columns for a certain number of elements that are particularly interest- 
ing for our investigations, and at the end of such a readout the computer 
is programmed to note the presence of other elements that only occa- 
sionally are present in the samples of writing, printing, paper, or 
vellum tested. The data can also be given in numbers of nanograms per 
square centimeter of each element found in the sample. In this and the 
other forms of presenting the data generated, the computer can be 
directed to include the error calculations (plus or minus) for each value. 
The ratios of various elements to one another are particularly helpful 
for historical evaluations of the evidence. In papers and parchments it is 
helpful to have data expressed as ratios of various elements detected to 
calcium, which is the most plentiful and constant element that can be 
measured in these materials. In the case of the remarkable Gutenberg 
Bible ink, which has large amounts of copper (Cu) and lead (Pb), the 
computer is programmed to give a full report of the Cu/Pb ratio of the 
ink on every page tested. The comparative evaluation of all this infor- 
mation about the Cu/Pb ratios in the inks throughout the pages of the 
work has provided the key to determining what must be close to the 
day-to-day production chronology of the Bible (as will be more fully 
described later). Occasionally i t  is useful to have the computer print out 
vertical dotted lines representing the magnitudes of the Cu/Pb ratios, to 
provide a graphic picture of the changing patterns of ratios. Whatever 
form of numerical records is chosen, printouts are received in a matter of 
minutes, which has the advantage previously noted of allowing adjust- 
ments of the experimental procedures according to what we see is 
occurring. 
The PIXE technique has these limitations: it cannot give data on 
elements below sodium on the periodic table. Thus there are some 
entirely organic inks that have no elements that are detectable by this 
method. In those cases, the analysis is concentrated on what the paper or 
parchment can reveal about the documents in question, for they always 
have some detectable elements in them. Moreover, the proton milli- 
probe gives measurements of elements present, but it does not tell what 
compounds are made up  of those elements. However, it is often possible 
to reason what compounds must have been involved from seeing the 
proportions of the elements present and from other historical informa- 
tion about the manufacturing technologies for paper, ink, pigments, 
and parchments. 
In summary, the cyclotron beam technique, or proton milliprobe, 
is fully developed, and it has been put to use effectively for several years. 
It provides a heretofore impossible capability to make completely non- 
destructive multielemental chemical analyses of the inks, papers, parch- 
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ments, and pigments of the rarest and most fragile works. It combines 
very subtle analyses (toparts per million for elements from sodium and 
above on the periodic table) with an accuracy of focus down to a square 
millimeter in any area to be tested. This  permits the investigation of the 
chemistry of a punctuation mark, a part of a letter, or a small fragment 
of paper, pigment, or parchment. The  necessary computer programs 
have been worked out and the protocols to be followed in coordinating 
the functions of each member of a team of cooperating investigators 
from widely different fields in the analysis. The  physical procedures 
have been developed and refined to achieve a safe and precise orientation 
of whatever is to be tested so that the proton beam coming from the 
cyclotron penetrates exactly where it is directed. A specially designed 
lectern permits the positioning of a book tobe analyzed so that no  harm 
whatever can come to its binding, paper, parchment, inks, and 
illuminations. 
General Considerations in Analyzing 
Books and Documents 
Initial testing in each project must always be made to see whether 
the paper and ink being analyzed is chemically homogeneous from one 
part of a page to the next. In the studies of the Gutenberg Bible volumes 
brought to Crocker Nuclear Laboratory, one is helped greatly by the fact 
that individual sheets of its paper are remarkably homogeneous chemi- 
cally. Thus in a long examination of hundreds of pages one can enjoy 
high confidence that one analysis per page will suffice. The  Gutenberg 
printing ink is similarly consistent in composition on a single page. 
This  homogeneity derives from the manner in which the paper and the 
printing inks were manufactured. Each sheet of handmade paper in the 
Bible must have been drawn out of a well-mixed, and therefore chemi- 
cally consistent, vat of material. At least the quantity of material depos- 
ited on the mold each time the papermaker passed it through the vat to 
make a single sheet was chemically homogeneous. The  typographical 
ink impressed on each page apparently was ground and mixed for each 
“batch” so that it must have reached a homogeneous consistency before 
i t  was picked u p  by the inking device and applied to the formes of metal 
type. By repeated analyses on various parts of a single page, it was found 
that the ink chemistry is very consistent in each mixture of ink, and thus 
one could make a single analysis of ink for each page and be confident 
that its chemical makeup represented the ink chemistry for the whole 
page. However, as will be seen, the ratios of elements in the ink varied in 
a detectable way during the long course of the printing of the Bible as 
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numerous slightly different mixtures of the ink were made u p  and put  
into use. 
Vellum presents a more complicated problem. A single sheet of 
vellum may have a generally consistent chemical profile, but there is 
much more chemical difference from one part of it to another than in a 
paper sheet. Therefore, it is not nearly so easy to produce distinctive 
results in testing vellum as it is with testing paper and printing ink. 
Several analyses need to be made per page of vellum and statistically 
averaged. 
Manuscript ink has been found sometimes to be variablc from one 
word or line to the next, possibly because of a different consistency of the 
ink in  a well from the bottom to the top of it. Moreover, sometimes 
manuscript ink dries in layers that vary from one another chemically, 
and these layers wear off or chip off unevenly over time. That  might 
account for variant chemical readings from spot to spot tested. Proton 
milliprobe testing has shown that occasionally there is a chemical 
difference in the ink even from the beginning of a single stroke to the 
end. However, testing of manuscript inks by this method shows also 
that the general mixture of ink on a page or document is usually 
consistent even though there are considerable variations depending on 
the particular spot of the writing being tested. 
In sum, regardless of what is examined with this technique, one of 
the first tasks is to investigate the question of how homogeneous the 
chemical composition is in the various parts of the item analyzed. That  
knowledge determines how many analyses need to be made on one page, 
and it also opens such questions as whether there have been revisions, 
touching up,  patchings, and substitutions. 
Results Using the Proton Milliprobe and 
Historical Judgments that Can Be Made 
Although we have been very fortunate in examining books and 
other objects with materials that have yielded exciting and comprehen- 
sible results, it is impossible to predict in any particular case whether 
anything will be found that is decisive or comprehensible. Only the 
testing determines that. It is known, of course, that one will always be 
able to detect what elements from sodium and above are present in the 
target, but what these elements mean is the main question. Sometimes it 
may be years before the significance of certain chemical analytical 
results can be known, perhaps only in the context of other information 
accumulated. A permanent record of the analysis is retained in that 
eventuality. 
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As our technique of nuclear historical research and physical biblio- 
graphic analysis is applied more and more widely, a background of 
information will be built u p  which will no  doubt permit judgments 
about what works are most likely to yield valuable historical informa- 
tion; and it will allow us to predict with greater and greater probability 
what can and cannot be accomplished. The  proton milliprobe branch of 
historical study is only in its infancy, and though i t  has produced very 
substantial, exciting, and promising concrete results, it will be some 
time before its full potentialities can be realized. With that caveat stated, 
one can turn to examples of some of the interesting uses to which the 
proton milliprobe has been put with positive results at Davis, particu- 
larly in the analysis of ink and in the analysis of paper. 
Analysis of Inks in  Books and Manuscripts 
Inks have been studied a good deal less rigorously and less effec- 
tively by bibliographers and historians than papers have. Very little 
testing of the materials of inks has been done for the obvious reason that 
curators 01 collectors of rare works would rightly blanch at  the thought 
of the removal of samples of ink by scraping for chemical analysis. 
Although some knowledge can be gained about ink through visual 
examination, rspecially with a strong magnifying glass or a micro-
scope, and some judgments can be made by observing the color of the 
ink and its behavior on a page, much of this is impressionistic and 
hardly scientific. However, there is enough information about inks in 
studies by Wiborg, Carvalho, Bloy, and others so that it is known at the 
outset that there have been innumerable techniques and recipes for the 
manufacture of ink in all the literate centuries arid areas of world 
history.' Now that there is a nondestructive technique for the multiele- 
mental analysis of inks of all kinds, there is the possibility of greatly 
expanding the part the study of ink can play in historical and analytical 
bibliographical studies. 
The  most satisfying and significant results in  thc testing of inks 
with the proton milliprobe technique have come in the analysis of early 
printing inks, particularly those in works done by Gutenberg or alleged 
to havr been done by him. Typographical inks have varied greatly from 
the beginning of the history of printing with movable types to the 
present, as Bloy's collection of rccipes shows. The  constituent parts of 
the inks are different according to time, place, ink maker, or printer. 
The  analyses will always show whatever elements are present in the ink 
from sodium and above. This  might include elcnicnts in the pigment of 
the ink, in the oil base, in additives of one sort or another, in driers, and 
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perhaps even in the instruments used for applying the ink to the types 
(e.g., urine in the ink balls). If there are elements that can be recorded by 
the detector, then one can find out what they are and how much of each 
is in the area analyzed. One of the most startling discoveries made at  the 
Davis laboratory was that Gutenberg’s ink has an  especially highly 
metallic chemical “fingerprint” which has been the key to the solution 
of a number of formerly intractable problems in Gutenberg scholarship. 
A full-dress program of sampling other printing inks from Gutenberg’s 
time to the present century will show how far one can go  in building u p  
a general index of the inks used by certain printers or  used in certain 
areas and times. Ultimately, the intent is to carry through such a 
program, focusing at first on the incunabula period. 
While concentrating for the most part here on the kinds of informa-
tion that can be derived from the analysis of printing inks, at the same 
time some of the specific capabilities of the proton milliprobe that are 
applicable as well to the study of manuscript inks, colored writing, 
rubrication, and painted titles, chapter headings, and decorations in 
books will be described; for the same techniques are used in the testing of 
any form of writing or decoration in a book. 
Where there are enough elements present from sodium and above, 
the proton milliprobe can tell easily whether the same general ink recipe 
was used throughout a single work or whether any new or different 
recipe was used during its production. There was a radical and clearly 
detectable change, for instance, in the ink recipe for the printing of the 
second impression of the early pages of the Gutenberg Bible. Also, 
depending on the detectable metallic content of the ink, cancelled, 
forged, or replacement pages or sections of a work can be detected by 
their ink chemistry. It was through ink evidence that a hitherto 
unknown cancel page I, 134 in the Doheny copy was discovered during 
the Doheny analysis,for example. 
Within a single page, the capability of focusing the proton beam 
nondestructively on a square millimeter makes it possible: (1)  to isolate 
the ink on individual letters from the rest of the text; (2)to focus on part 
of a letter that is suspectedof being altered or patched in some way; (3) to 
isolate added or altered words and passage^;^ (4) to detect whether 
punctuation has been inserted after the original writing that might 
affect the original meaning. This is a serious problem in some manu- 
script texts. 
In the proton milliprobe technique, the proton beam penetrates the 
ink on one side of the page and the paper or parchment upon which it is 
written. Thus the multielemental readings from each analysis give us 
the combined chemistry of ink-and-paper or ink-and-parchment. In 
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order to find the composition of the ink alone, another analysis is made 
of the paper or parchment without ink on it, and the figures for the 
elements found in the paper or parchment are subtracted (see example 
in fig. 3). This is a simple process if the ink is on paper, for i t  is known 
that the chemistry of the paper is consistent throughout each sheet. But 
in the case of vellum, whose single sheets are much less consistent 
chemically, closely paired analyses must be made: first of ink-plus-
parchment and then of parchment alone in a spot as close as possible to 
the point where the ink was analyzed. By subtracting the parchment 
figures from the ink-plus-parchment figures the values for the ink alone 
can be determined. 
The  capacity of the proton milliprobe method to distinguish 
among different smaller or larger mixtures or “batches” of an  inkof the 
same general recipe turned out to be crucial in the study of the chronol- 
ogy of production of the Gutenberg Bible. The  evidence shows that 
Gutenberg sometimes used a specific single mixture of his highly metal- 
lic ink recipe for printing off the complete run of all copies of six 
concurrently printed pages (all 150 to 180 copies each of, say, I, 74v; 
114v;201v; 2 7 3 ~ ;11,57v; and202v, which are the “Pole Star” pages, to be 
discussed later); and then he used a different mixture for the whole run 
of the next line of concurrently printed pages. The  Cu/Pb ratios of 
separate mixtures of Gutenberg’s ink are measurdbly different from one 
another because each “batch” was made without measuring out its 
ingredients with minute precision. 
This  was a fortunate cirrumstance for the historical Davis study, 
because the differences among the Cu/Pb ratios of the many separate 
mixtures of ink needed throughout the long period of time it took to 
print the Gutenberg Bible yielded the vital evidence necessary for the 
exact reconstruction of the chronology of the printing of the work. 
Therefore, great pains were taken to find locations on each Gutenberg 
page where one could have the proton beam hit where there was print- 
ing on only one side of a leaf. Otherwise the combined ink readings for 
both sides of the leaf would have been detected since the proton beam 
would have passed through the ink on one side, then the paper, and then 
the ink on the other side-activating X-ray emissions from atoms in all 
three. In cases like these the very bright laser “aiming dot,” which was 
visible through the page, was essential. It permitted the orientation of 
the page so that only one ink deposit was analyzed. 
Thus, in the analyses made of the Doheny Gutenberg volume I, the 
Lilly Library Gutenberg New Testament, and the Harvard volume 11, 
the ink evidence has provided an amazingly accurate means of tracking 
the chronology of the printing work, page-by-page. It showed precisely 
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Figure 3. Graphs of Two Analyses, One of Paper Alone, the Other of Ink and 
Paper, for fol. 100of Volume I1of the Gutenberg Bible, Lamentations. It can be 
Seen at a Glance How the Ink Values are Derived by Subtracting the Paper 
Values of the One Graph from the Ink and Paper Values of the Other. The  Re- 
sult in this Case Shows Large Concentrations of Lead and Copper in the Ink. 
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which pages were being printed concurrently, when a new organization 
or distribution of the work in the shop was made, when accidents or  
delays occurred, and how they were rectified. This  is reported in quite 
technical detail in various articles published in Papers of the Bibliogra- 
phical Society of America, Nuclear Instruments and Methods,  and 
elsewhere.” It is startling to see how exactly the ink evidence correlates 
with Paul Needham’s intricate study of the paper sort evidence. T h e  
unusual correlation of anomalies in one place occasioned Needham’s 
comment: “One can almost hear, across the centuries, the faintly echo- 
ing creak of the press as inked types were pushed into paper.”” 
Anomalies in the ink sometimes occur in clusters with other anom- 
alies, such as peculiarities in the patterns of the pinholes. Further 
analysis of both the anomalies and the many striking regularities of the 
ink Cu/Pb patterns may reveal other details about the history of the 
Gutenberg Bible and even the apparatus that was used to produce 
it-details that have been lost since no written records whatever have 
survived about these matters, if there ever were any. We are at the point 
where a large number of the pieces of the puzzle of the printing organi- 
zation and chronology have snapped into place. Schwenke made a great 
contribution with his study of typographical and paper sort evidence. 
Now we are able to correct and perfect his admirable studies and enter 
areas where he was bereft of any sufficient evidence, as for instance the 
order of printing of the last quires of the Bible, when work assignments 
were apparently juggled back and forth to keep the printing crew busy 
after they completed their usual assignments. 
Figure 4 is a draft chronological chart of the production of the 
Gutenberg Bible based on the ink evidence in the Doheny, Lilly, and 
Harvard copies, as well as on some separate leaves and separate books 
from the copies broken u p  by Gabriel Wells and Scribner’s. Although 
the chronological chart is not in its definitive state because all versos in 
volume I and the inks in all the pages of the second impression have not 
been analyzed yet, it shows how far ink evidence has already taken us in 
working out the exact page-by-page chronology of the production of the 
Gutenberg Bible. Using parallel patterns of variations in Cu/Pb ratios 
in the inks on individual pages, we are able to confirm beyond any 
doubt that the Bible was ultimately produced in six compositional units 
being composed and printed concurrently. (This does not mean, how- 
ever, that there were six presses. Two or three presses could have handled 
all the actual printing.) Parts of a manuscript copy text of the Vulgate 
were assigned to the compositors in a well-planned distribution of work 
assignments. We now are able to tell by ink evidence precisely when 
each of the compositional units listed as A through F in the chart was 
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put into production with reference to the other concurrently printed 
units. Moreover, we are able to determine exactly which were being 
printed concurrently, possibly on the same day. One of the most striking 
pieces of ink evidence is what we have called the “Pole Star” pages 
(marked with a star on the chart). These all have an  anomalously high 
Cu/Pb ratio in their inks, indicating that a special mixture was used on 
the day, or days, those pages were being printed concurrently. The  other 
most striking ink phenomenon is what we call the “Tower clusters,” the 
first pages of which are marked with a “T” in the chart. These are 
clusters of pages with notably high Cu/Pb ratios in their inks, so that 
when the ratios are represented graphically the lines for the Tower 
clusters rise high above the lines for the pages on either side of them. 
These Tower clusters were printed exactly concurrently in each of the 
compositional units, and they also mark a fixed point in the chronology 
and organization of the printing. By combining the ink data from the 
Pole Stars and the Towers we are able to determine with remarkable 
precision what a good share of the production schedule in Gutenberg’s 
shop was. The  ink evidence correlates perfectly with other evidence 
from the paper sorts and from particular typographical characteristics 
in the printed text. We are even able to determine exactly when there was 
a delay in the production in one unit and to show how it “caught up”  
shortly afterward with the rest of the printing operation going on 
concurrently. 
A substantial number of other facts about the day-to-day produc- 
tion of the Gutenberg Bible have also been uncovered through our ink 
analyses, including the formerly intractable problem of the timing and 
distribution of the work assignments on the later quires of volumes I 
and 11. The  details of the new Gutenberg evidence and conclusions 
derived from ink analyses are discussed fully in our articles in Papers of 
the Bibliographical Society of Arnerica.12 In the same journal Paul 
Needham shows how the ink, paper, and typographical or compositor- 
ial evidence reinforce one another and how a discovery in one category 
of evidence leads to discoveries in others.13 
Although the major efforts have been directed at  putting together 
pieces of the puzzle of the production of the Gutenberg Bible itself, we 
have also been able to analyze one specimen of the 3 1-line Indulgence, 
four fragments of leaves from the 36-line Bible, and the Sibyllenbuch 
fragment.14 All of these works were printed with 36-line type, and they 
are at the center of the debate over whether there was another printer, 
called “the 36-line printer,” who was a contemporary of Gutenberg and 
was responsible for the printing of several of the earliest incunabula. 
PIXE analyses showed that these works in the 36-line type all have 
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Figure 4.  Chronological Chart of the Production of the Gutenberg Bible, Based 
on Ink Analyses of the Doheny Copy, Vol. I, the Lilly New Testament, and the 
Harvard Copy, Vol. 11. 
highly metallic inks whose copper and lead content put  them in the 
same family with Gutenberg’s remarkable ink in the 42-line Bible. 
Thcre is still more work to be done in evaluating results of the analyses 
of these fragments; but we can assert that the ink evidence greatly raises 
the probability that Gutenberg and the 36-line printer were the same 
person. Such are the kinds of questions in the earliest history of the book 
that can profit from the proton milliprobe technique. 
It is desirable that a long-term analysis of inks of other early 
printers in the hand-printing period will be undertaken, for this enor- 
mous fund of potential material for cyclotron research has hardly been 
touched. Recipes for later typographical inks recorded by Bloy give 
grounds to believe that many producers of ink included peculiar detec- 
table metallic constituents in their printing inks. Only further testing 
will tell which works will yield comprehensible ink information, but if 
the evidence is present the capacity to discover and analyze it.  
It is certain from a number of proton milliprobe experiments at 
Davis that there are enough trace elements in some rnanuscrz~tinks to 
permit useful historical judgments. Manuscript inks with a water, gum, 
or other liquid base have been in existence for millennia, and the 
manner of making them and applying them with brush, stylus, and pen 
has been extremely varied from place to place and era to era. There are 
radically different manuscript inks depending upon the substances used 
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to give the color and tone, whether black or some other color. Many of 
the recipes for making inks have survived from ancient, medieval, and 
modern times, while others have been lost or were trade secrets that died 
with the scribes or dynasties of scribes who used them. Chemical com- 
pounds of one sort or another were used to give them a special tone or 
consistency, to make them resistant to fading, to serve as driers, and to 
permit their most convenient use and storage. There are major catego- 
ries of ink4 such as those based on lampblack, iron gall inks, and inks 
derived from other metallic substances, vegetable dyes, or the secretions 
of sea creatures and insects. 
The  surface has only been scratched in the PIXE analysis of manu-
script inks, but useful results have already been achieved. An example is 
the complex analysis of the annotations in J.S. Bach’s Calov Bible, 
where Bruce Kusko of our research group was able to provide laboratory 
proof that most of the underlinings and annotation5 in the work were 
done by Bach himself, since the subtle chemistry of the inks in the 
markings about which there was uncertainty harmonized with the 
chemistry of the inks used in those annotations known to be in Bach’s 
handwri ting.15 
The  most extensive testing of manuscript inks, besides the analysis 
of Bach’s annotations and underlinings in his Calov Bible, has been the 
analysis at Davis of the ink in the controversial Vinland Map of the 
Beinecke Library at  Yale. Here 159 analyses were made of the ink and the 
parchment of the map. Many of these were “paired” analyses of mil-
limeter segments of the ink line with the parchment next to them, in 
order to allow for accurate subtraction of the elements in the vellum 
from those in the ink. Considerable variation was found in the ink 
readings from one part of the map to another, partly because of the 
deteriorated condition of the ink lines and partly because manuscript 
ink does not go on paper or parchment as consistently as printing ink 
does. However, evidence of historical value in the ink composition was 
found. Various parts of the ink mixture on the map had a number of 
trace metallic elements, including some traces of titanium, which has 
played a great part in judgments on the authenticityof the map. Several 
years ago McCrone Associates removed a few small scrapings from the 
surface of rhe map to test by several laboratory techniques. Among their 
micro-particle samples of the ink they detected a few titanium dioxide 
crystals, at least one in the form of anatase, and on the basis of that 
evidence they judged the map to be a twentieth-century forgery instead 
of a pre-Columbian chart showing Vinland.“ They concluded that the 
yellowish-brown portions of the lines on the map were due to an ink 
whose pigment was based on crystalline titanium dioxide (TiOz); and 
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since pigments based on Ti02 were first manufactured only in the 
twentieth century, the map must be a forgery. However, on the basis of 
repeated testings of the ink with the proton milliprobe method we do  
not agree that the McCrone Associates’ analysis demonstrated the Vin- 
land Map to be a forgery. Our technique with the proton beam analyzes 
the whole cross-section of the ink, since the beam passes through all the 
layers of the ink, whereas McCrone Associates analyzed only a very few 
aliquots or micro-particles removed from the surface of the ink line. It is 
not justified to assert that these tiny surface particles are representative 
of a whole ink mixture. While McCrone Associates reasoned from the 
surface aliquots that the ink was made u p  of u p  to 50 percent anatase 
(titanium dioxide), we found in repeated measurements of the whole 
cross-sections of the inks that wherever titanium was present at all it was 
in minute trace amounts no larger than the trace amounts of several 
other transition metals (iron, zinc, copper). Nowhere was there enough 
titanium to cause any pigmentation at all. In many places there was no  
trace whatever o f  titanium in the ink above our minimum detectable 
unit of 0.02 ng, including in parts of the map lines most highly sus- 
pected of being forgeries, done in the allegedly titanium-based 
yellowish-brown ink. Titanium dioxide of whatever date or source 
could not therefore have been the source of this ancient looking layer of 
ink on the map. T h e conclusion of the Davis group was that the Vinland 
Map ink is not at all proved to be of twentieth-century manufacture. 
This, of course, reopens the historical debate about the authenticity of 
the map. It must be emphasized, however, that our analyses have not 
proved the map is authent ic .  It may well be a forgery, which some think 
that it is for other than chemical reasons; but it is certainly not yet 
scientifically demonstrated to be a f13rgery.l~ 
Even on the basis of limited experience with manuscript inks, the 
Davis team investigators have found that the proton milliprobe can be 
applied very profitably to ancient, medieval, and modern manuscripts 
for the examination of such questions as authenticity, place and era of 
origin, whether or not a document has been touched u p  after it was 
originally written, and for the investigation o f  many other historical 
questions that can be raised about a document. After many years of 
analyses it may be possible to build u p  a register of manuscript ink 
profiles characteristic of different regions, periods, and scribes that will 
be a valuable archaeological and historical instrument, especially when 
the testing is done in connection with the many facts that can be 
discovered through the analysis of paper, parchment, and papyrus. 18 
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The Analysis of Paper 
The  cyclotron proton milliprobe is peculiarly suited for the minute 
nondestructive multielemental analysis of papers of all kinds and con- 
ditions. As in the case of inks, the testing yields results, to parts per 
million, for all elements in paper from sodium to the end of the periodic 
table. As noted earlier, the beam can be focused on any portion of a leaf 
or fragment down to a millimeter across so that a reading can be taken 
literally between lines of print or script, if necessary, or exclusively in 
the margins. This  is one of the most useful features of this technique. It 
is important for the study of papers that have been stained, patched, 
cosmetically bleached, or otherwise treated by collectors or booksellers. 
This  minute focusing capacity has been taken advantage of, for 
instance, in analyzing the Riverside leaf of the Gutenberg Bible, which 
comes from the ill-fated copy rescued in 1828 by Wyttenbach from a 
peasant’s house in Olewig near Trier. It was patched with newer papers 
in its margins and bleached and cleaned wherever possible by a collector 
or bookseller. He  could not get at every place between the lines, but the 
cyclotron proton milliprobe could with its beam and aiming devices. 
We were surprised and pleased to find that early handmade papers 
were so rich in chemical variation and distinctiveness from era to era 
and place to place. This fact greatly enhances the possibilities of apply-
ing the proton milliprobe to the study of the history of the book since its 
results can be combined with the substantial amount of study that has 
gone into the history and distinguishing physical characteristics of 
paper by Dard Hunter, Allan Stevenson, Eva Ziesche, Dierk Schnitger, 
The0 Gerardy, and Paul Needham.lg 
The  chemical profile of paper comes from the fibers from which it 
is constituted, the fluid (water, and whatever minerals might be in 
solution in i t )  in which rags or other papermaking materials are pre- 
pared and in which the macerated fibers of the stuff in the papermaker’s 
vat are suspended, and also from the chemically complicated sizings 
that are used to finish papers. Accidental stains, smudges, or infusions, 
as well as intentional treatments with preservatives and cleaners leave 
chemical traces that must also be taken into account. 
Experiments a t  Davis have proved that papers of all kinds, and in 
some cases even individual sheets of handmade paper, have unique 
chemical “fingerprints” detectable by the very subtle proton milliprobe 
analysis. It is possible to differentiate chemically among papers with 
different watermarks that were produced in different mills. In some 
instances papers of the same watermark, and made in the same mill, vary 
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chemically from batch to batch or vat to vat, even though, as in the 
manufacture of inks, the general recipe or technique of making and 
mixing the stuff in the vats was the same. The  ramifications of these 
facts are quite far-reaching for studies in the history of the book. The  
ability chemically to match u p  individual leaves of a book and to deal 
with questions of conjugacy, cancellation, forgery, and the physical 
construction of a book can be used effectively in conjunction with such 
well-tested methods as inspecting various watermarks in their differing 
states. 
One of our earliest experiments made us aware that the proton 
milliprobe technique of analysis was more subtle than had been antici- 
pated. A sequence of thirty-two leaves of Claude Savary’s Lettres sur 
l’Egypte, Paris, 1786,vol. I, was analyzed. Cahill at the Lime had no  idea 
of how books were put together; yet when he made a preliminary glance 
at the data from the tests of these thirty-two successive leaves he noted 
immediately from the PIXE chemical evidence alone that Savary’s 
volume must somehow have been divided into eight-leaf segments. In 
short, he was seeing eight-leaf quires, as this author was able to inform 
him after an  examination of the signature markings. Each quire was the 
product of the folding of a single, chemically homogeneous sheet. 
Figure 5 shows that each of these sheets was chemically distinguishable 
from the other, especially in their potassium, manganese, copper, and 
iron content. These sheets all bear the same watermark, but the water- 
marks are so fragmented within each signature because of the way the 
quires were folded and cut that it is impossible for us to determine 
whether they might be different states of the same watermark. 
Analysis of a sequence of leaves in volume four of Diderot’s Ency-
cloptdze ronfirmed that one could distinguish between individual 
sheets of paper with the same watermark. In the Encycloptdze the folio 
quires are bound in fours so that the outer two leaves are of the same 
sheet, and the inner two leaves are a fold of a single sheet. The  analysis 
showed that conjugate leaves 1.4 of a quire were closely related chemi- 
cally, and leaves 2.3 also showed a close chemical affinity to one another. 
Usually it is quite easy to distinguish between one sheet and another 
because of the differences that show up  in their manganese and iron 
content. Tnble 1 shows that for these metals the first and last conjugate 
leaves of the same folded sheets match, as do  the second and third. The  
sheets may havc come from different vats whirh had slightly different 
mixtures of stuff, or they may have been produced after an elapse of time 
in the same shop. It is even possible that each separate leaf that was 
dipped out on the mould had a slight but measurable chemical differ- 
ence from the other sheets made from the same vat of stuff. This  cannot 
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Papers from vol.1 of Claude Sovary's Lettrer sur J'Epypte, Paris, 1786. 
Figure 5. This shows how signatures made from folding a single sheet of 
paper can be distinguished from one another through our method. Signa- 
tures A (partial),B, C, D, and E all show distinctive "chemical fingerprints." 
Study of watermarks indicate each sheet is probably from the same paper 
batch. 
be demonstrated however. The general chemical mix of the stuff is 
much the same for all the leaves of the Encyclopkdie tested, and it is 
known from the publishers' records that have survived that the same 
papermaker supplied the sheets for the manufacture of the work over the 
years. 
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TABLE 1 
PAPERANALYSES I N  VOL. IVOF QUIRES OF 
DIDEROT’S CONJUGATEEncyclopkdze, SHOWING 

SHEETSA N D  CANCELS 

1/01 I 1v 
Quzre Lmf ~ a n g a n r t e(ng  tm2) Iron ( n g  cm2) 
0.3‘) fO.lol} 1.32 +- O.I7]} 
0.50 f 0.1 1 1.51 f0.18 
0.27 f 0.09 0.89 f 0.13 
0.46 +- 0.12 1.23 f 0.16 
E l  034 f0.07 0.80 f 0.10 
0.32 +- 0.07 1.10 f0.13 
0.30 i0.07 1.14 f0.1 1 
0.28 f 0.06 0.69 f 0.09 
FI 0.20 f 0.05 0.78 -t 0.10 
0.51 f 0.06 0.86 f 0.10 
0 . S O  f 0.06 0.96 f 0.12 
0.18 f 0.05 0.67 * 0.09 
0.16 * 0.0.5 0.98 * 0.12 
0.28 Ik 0.05 
0.33 * 0.06 0.57 k 0.07 
0.19 f 0.05 0.71 f 0.09 
0.11 * 0.10 1.27 f 0.17 
0.23 +- 0.05 0.85 f 0.1 1 
0.18 f 0.06 0.72 f 0.10 

4 * c  anc (.I 0.15 f 0.05 0.42 +- 0.06 

h’olr: T h e  h a ( kc,t\ i onncc t thc. conjug;irc.Ic~ivc.s01 thr .  siirnr she,ct. C2 a i i d  H 1 aircantrls, 
whlch is wrti 111 tlic l ack  01 hornogciirir! o f  their h1;iiigaiitw ; i r d  I i o n  (01itc.111. 
It was interesting to observe that the chemistry of a leaf from a 
contemporary Italian counterfeit of the Encyclopkdie was distinctively 
different from that of all the leaves tested in the original edition. What 
caused this difference is not clear. The  Italian paper may have had a 
different sizing, its fibers may have been prepared through a different 
process and treated with water from a river with different minerals in it; 
but the critical point is that the paper was so different chemically that 
we could have detected it was a counterfeit even without knowing from 
other evidence that it was. 
It is also possible to detect the presence of cancel leaves through the 
proton milliprobe technique, as can be seen from table 1, which 
includes the manganese and iron values for two known cancels in Dide- 
rot’s Encyclopkdie-leaf two in quire C and leaf four in quire H, both of 
which are strikingly different from the leaves in the quire that would 
have been their conjugates. 
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Finally, we have been able to distinguish chemically among the 
four paper sorts of the Gutenberg Bible-the Bulls Head, the thin- 
stemmed Grape Cluster (Grape I), the thick-stemmed Grape Cluster 
(Grape 11), and the Ox. Figures 6 and 7 show that the manganese and 
iron content is the best means of distinguishing one Gutenberg paper 
sort from the other. It is thus possible to tell to which paper sort a half 
sheet that lacks the watermark belongs. Whether chemical differences 
can be distinguished among the various states of the Bull’s Head paper 
identified by Paul Needham is still under study. 
In summary, the proton milliprobe is of considerable use in histori- 
cal study and analytical bibliography for works printed, written, 
engraved, or painted on paper. It will yield information on conjugacy, 
cancels, possible censoring, replacement of lost leaves, patching, and 
counterfeiting of leaves or of whole books. And it can be directed toward 
other questions that are helpful in the historical study of books and 
manuscripts. For instance, with this method the effect of infusions of 
foreign substances on the pages from glues and treatments of the bind- 
ings, environmental effects, and the impact of cosmetic operations ran 
be measured. 
Analysis of Other Aspects of Early Books and 
Manuscripts: Parchments, Rubrication, Illuminations, 
Decorations, and Stains 
Different types of parchments have detectable distinctions, and the 
differing technologies of preparing parchment at various times have left 
their chemical marks. Preliminary experiments show distinguishable 
variations in parchments from different times and places, but, as noted 
earlier, there is less consistency in individual sheets than in papers. Yet 
helpful patterns are discernible. A large-scale project of analysis of 
parchments is projected now at our laboratory with the intention of 
establishing a database on parchments from antiquity to modern 
20
times. 
The materials in rubrications, illuminations, decorations, and 
stains are easily detectable with the proton beam method, and most of 
the capabilities listed for the analysis of inks are applicable to pig- 
mented sections of early books. It is easy to detect pigments used for 
recent restorations and to expose forged illuminations in which the 
forger used pigments not available in the appropriate period. Again, the 
beginnings have been made in our laboratory in the long process of 
building up a database on the chemistry of pigments in rubrications and 
SUMMER 1987 79 
RICHARD SCHWAB 
NUMBER OF PAGES 
m .  
0 :  
1a.e....................................
...........................................
.* .......................................................... 
 w o  t ,.. .........................................................
*..... .............................
........................ 0 
p 1.. .......
4..1. . 

4. 
": 
+ 
1. 
t 

a: 

+ 
I 
A' 

0: 

' - +-.) 
+ 
+. 
N .  
+* 
*a,, 
+**.
*..
....+ 
.*I 
w * '  ** 
t. 

t 

t 

t 

t 
. t P I  
t. 
t. 
t 

3 
mc 
r- 
VI 
I
rnD0 

NUMBER OF PAGES 
1.
.............
...........................
............................ 

+ -. ...........................
................................................
........................................................
.................................
1.
I ..........
..................
, 11 
t +*. . . .  
t 

..I. + 
VI+.... r 
................1 +t*. + 
i ,+ 
w e  
L O 
D n 

-Ir n w  
g ;  
XVI 
0n 
V V ID - Iv w  r n -a m  c 

0 - 4n - 

0 
Figure 6. (a) Distribution of Fe/Ca for Papers of Three Watermarks. (b)Distri-
bution of Mn/ Ca for Papers of Three Watrrrnarks. 
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Figure 7. Composition of Papels Seen in the 42-line Bible Relative to Calcium. 
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illuminations. These anal) 5es are supplemented by the growing litera- 
ture already in existence on this subject, developed through other histor- 
ical means by art historian$. 
Conclusion 
The proton milliprobe PIXE technique has such a wide range of 
potential applications that this group could never hope to carry 
through more than a fraction of the investigations that are possible, 
even in a single field such as the testing o f  incunabula. We welcome 
signs that the use of the technique will be taken u p  elsewhere. For 
instance, the Louvre Museum will soon have its own proton milliprobe 
laboratory in operation using a van de Graaf accelerator. We have been 
in close communication with Christian Lahanier, the head of the Lou- 
vre Conservation Laboratory, who has made two visits to our 
laboratory-one of a week's duration- to consult with us and to test 
certain capabilities of the system used at Crocker Nuclear Laboratory in 
Davis. His laboratory will launch a program of proton milliprobe 
analyses of a large variety of materials in works at the Louvre and other 
museums in France. 21 We look forward to collaborating with the Lou- 
vre group, the Bibliothkque Nationale, and other collections in the 
investigation of some important incunabula in France, such as the 
Gutenberg Bibles, the thirty-six line Bible, and several other treasures of 
the earliest history of printing. We have been in communication also 
with Hans Mommsen of the Institut fur Kern- und Strahlenphysik at 
Bonn, who has already done some PIXE analyses of archaeological 
artifacts, arid we anticipate that historians working with his group will 
be doing more and more investigations related to ours in the history of 
the book. 
There are a number of nuclear laboratories throughout the world 
that have the capabilities of establishing proton milliprobe programs 
such as ours. The  establishment of facili ties to do this kind of analysis in 
conservation laboratories of large museums and galleries is not out of 
the question, since far smaller accelerators than ours can be used to 
produce the proton beams. Therefore, we have confidence that the use of 
this technique will continue to sprcad as its value becomes better and 
better known. 
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